Abstract:
Background -Large gene re-arrangements, not detectable by standard molecular genetic sequencing techniques, are present in a minority of patients with long QT syndrome (LQTS).
We aimed to screen for large rearrangements in genes responsible for LQTS as part of the molecular autopsy of a 36 year old woman who died suddenly and had a negative autopsy. A retrospective analysis of an ECG identified a long QT interval, but sequencing of known LQT genes was uninformative.
Methods and Results -Array comparative genomic hybridization (aCGH) was used to screen for deletions and duplications in 101 genes implicated in cardiac disorders and sudden death using a post-mortem blood sample. A 542kb deletion encompassing the entire KCNJ2 gene was identified in the decedent. The mother had electrocardiographic U wave changes consistent with Andersen-Tawil Syndrome (ATS) and exaggerated by exercise, but none of the characteristic non-cardiac features. Fluorescence in situ hybridization (FISH) confirmed the deletion in the decedent and established its presence in the mother.
Conclusions -A novel application of aCGH and FISH has identified that LQTS and sudden
cardiac death may occur as a result of a deletion of an entire gene. The case also supports recent research suggesting that non cardiac features of ATS occur only with missense or minor gene rearrangements in KCNJ2 resulting in a dominant negative effect on Kir2.x channels.
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Introduction
Thirty to 50% of sudden cardiac deaths in the young (1-40 years of age) are due to an inherited cardiac abnormality even when a forensic autopsy reveals no overt cause of death. [1] [2] [3] [4] These diagnoses can be reached either through cardiac/genetic investigation of relatives of the deceased and/or through a molecular autopsy. Between 16-28% of such cases are due to long QT syndrome. [1] [2] [3] [4] Large gene rearrangements, which are not detected by standard molecular genetic sequencing, have recently been discovered to underlie a minority of cases of severe forms of long QT syndrome types 1 and 2. [5] [6] [7] No previous studies have screened for such changes in autopsy-negative sudden death. The screening of LQTS genes for deletion and duplication mutations has largely used a technique termed Multiplex Ligation-Dependent PCR Amplification (MLPA); however, for enhanced gene coverage we transitioned to a technique known as array
Comparative Genomic Hybridization (aCGH), which has not been previously applied to inherited heart diseases.
8-10
We describe for the first time a unique heterozygous whole-gene deletion of the KCNJ2 gene, detected using aCGH at molecular autopsy of a 36 year old woman who suffered a sudden unexpected nocturnal death. She had a previous history of "drop attacks" with seizures with negative neurological investigations. She was found retrospectively to have marginal QT prolongation on an incidental ECG. One copy of the KCNH2 gene was proven to be absent in the mother using Fluorescence in situ hybridization (FISH). The mother has a long QT-U complex 
Methods

Deletion/duplication analysis -array comparative genomic hybridization (aCGH)
Genomic DNA (gDNA) was extracted from peripheral blood EDTA samples using the Gentra Puregene DNA Extraction kit (Qiagen), according to manufacturer's instructions. The analysis of the proband, and parents, was undertaken as part of a coronial investigation and clinical followup, respectively, and proceeded according to informed consent and Health and Disability Ethics Committee approval (reference AKX 02/00/107).
A Roche NimbleGen 12x135K Custom CGH Array was used for deletion/duplication analysis. This bespoke CGH array was designed to interrogate the coding regions of 101 genes associated with a range of cardiac and neuromuscular disorders, including those responsible for Collection Software were imported into DEVA v1.2.1 (Roche NimbleGen Inc) for analysis. Each genomic region exhibiting a copy number change within the genes of interest was examined using the UCSC genome browser (http://genome.ucsc.edu/) to determine the location and significance of the change. Data was filtered using a log 2 ratio threshold of less than -0.4 over 6 probes for a deletion and greater than 0.4 over 15 probes for a duplication.
Fluorescence in situ hybridization (FISH)
Peripheral blood samples from the proband's parents were collected in heparin and cultured according to standard cytogenetic protocols. BAC probes RP11-633A13 (hg19 coordinates:
chr17:67869421-68051742) and RP11-693H11 (hg19 coordinates: chr17:68035454-68237499)
were chosen from the Human BAC DNA library-32K set. These probes were labelled with orange fluorescent dye. Clone CEP17 was labelled with green (Vysis), and was used as an internal control. The FISH method followed the procedure of Pinkel et al. 11 with some modifications. Co-denaturation was achieved by placing the slides into thermal cycler (PTC-200) preheated to 87ºC for 2 minutes. The slides were hybridized overnight in a humidified chamber at 37 ºC. The following day, the slides were subjected to a stringency wash in 0.4xSSC at 74 ºC for 2 minutes followed by 2xSSC at room temperature for 1 minute. After the slides were airdried, 8 μl of mounting medium (Vectashield) was applied to each of the slides. FISH images were captured using Metasystems ISIS imaging system with sequential DAPI, spectral green and spectral orange filter setting. 
Results
Presenting history of decedent
The case of sudden unexpected nocturnal death of a 36 year old woman, was referred to the Cardiac Inherited Disease Group by the forensic pathologist for cardiac/genetic investigation. A thorough autopsy had revealed no cause for the death. Physical examination at autopsy was unremarkable, and in particular, no dysmorphic features were noted.
A review of clinical notes revealed that there had been a previous personal history of "drop attacks" followed by seizure, which had been investigated by a neurologist. She had had a normal electroencephalogram and cerebral CT scan. An electrocardiogram (ECG) obtained from the proband prior to a routine general anaesthetic for a tympanotomy performed four years prior to death was recovered from clinical records. The T waves were noted to be of low amplitude and late onset, with a prolonged QTc ( Figure 1A ). A discussion with the parents revealed no known family history of cardiac arrhythmia or sudden cardiac arrest.
Initial molecular genetic analysis
Molecular sequencing analysis of the genes associated with LQT syndrome types 1, 2, 3, 5, 6, 7
was performed on DNA extracted from an autopsy blood sample, 12 and no pathogenic mutations were detected. Given the appearance of the ECG, the decision was made to proceed with deletion/duplication analysis.
Deletion/duplication analysis
Array CGH analysis identified an approximately 542kb heterozygous deletion on chromosome 
Further clinical features
On identifying the mutation, the parents were re-interviewed and examined by a clinical geneticist. In addition, photographs of the decedent were examined for characteristic clinical features of ATS. She had no history of episodic flaccid muscle weakness or mild permanent symptomatic weakness and no dysmorphic features (such as low-set ears, widely spaced eyes, small mandible, syndactyly, short stature, or scoliosis). Furthermore, there was no evidence of mild learning difficulties or problems with executive function/ abstract reasoning.
Clinical history and examination of the proband's parents was likewise unremarkable. No abnormalities were seen on the father's ECG, but the mother's ECG showed aberrant repolarisation, prominent U-waves and a prolonged QT interval. In lead II, QT was 441msec, the preceding R-R was 915ms, giving a QTc 482msec, and in V5 QT was 474msec with preceding R-R of 983msec, giving a QTc of 478msec. The U wave became remarkably exaggerated after exercise ( Figure 1B ), but no ventricular arrhythmia was induced. These observations suggested that the proband's mother may carry the same intrachromosomal deletion identified in her daughter.
Parental analysis -FISH
FISH studies of the proband's parents revealed only a single signal for a probe encompassing the KCNJ2 gene in the mother, confirming a heterozygous deletion of the same region as that identified in her daughter, while the father showed a pattern consistent with a normal copy number ( Figure 3 ).
Discussion
here was no eviden en en enc ce c c t reaso i ni i ing. Missense mutations are common within the KCNJ2 gene, 13 with a mutational hotspot detected at Arg218. 14 Five small intragenic deletions (each less than 12bp in length) have been reported, four of which were associated with the typical clinical features of ATS. [15] [16] [17] Functional analysis of the consequence of a range of ATS mutations, including a small in-frame deletion, suggests that these mutations result in loss of function of the Kir2.1 channel. 16 The majority of these mutations have been shown to cause dominant-negative suppression of Kir2.1 channel current. [16] [17] [18] [19] [20] [21] The underlying pathogenic mechanism is most frequently either defective trafficking or altered PIP 2 -channel interactions, including less efficient binding. Sustained depolarisation of the muscle membrane and a failure to propagate action potentials is believed to cause the intermittent flaccid muscle paralysis that is a feature of ATS.
22
It has become evident over the last five years that approximately 5% of cases of LQTS are due to intragenic deletions or duplications that are too large to be detected by routine sequence analysis (Table 1) . [5] [6] [7] In terms of the KCNJ2 gene, only two of 68 mutations reported in the HGMD Professional database (accessed 22.10.2013) are gross deletion or duplication/insertion mutations. With respect to the former, this patient carries a de novo 4Mbp heterozygous deletion ( Figure 2 ) with a drug-induced prolonged QT interval, feeding difficulties, delayed dentition, hypertelorism, low set ears, micrognathia and hypotonia. 23 These authors suggested that many of these features overlapped with those found in ATS, which is characterised by periodic paralysis, ventricular arrhythmias, prolonged QT intervals, dental anomalies, small hands and feet, low-set ears, hypertelorism, micrognathia, fifth-digit The proband reported here exhibits none of the dysmorphic features of ATS, and is unique in carrying a deletion that only encompasses the KCNJ2 and KCNJ16 gene. In terms of the latter, Kcnj16 (-,-) mice exhibit no observable behavioural or physical abnormalities. 26 Critically, the findings of this present report support those of Limberg et al 27 , who recently showed that KCNJ2 gene mutations without a dominant negative effect on Kir2. lower risk of sudden cardiac death than for other LQT syndromes. 14 However 50% of affected individuals appear to carry a de novo mutation, the condition is very rare, and the pure cardiac phenotype is a minority 13 such that comparisons with the more common forms of long QT syndrome are difficult.
The heterozygous deletion of the KCNJ2 gene in our patient and her mother would be expected to lead to haploinsufficiency of the Kir2.1 channel, with none of the dominant-negative effects seen with other mutations. However, a reduction in Kir2.1 to ~50% could still lead to the generation of spontaneous ventricular activity and the attendant risk of a lethal ventricular arrhythmia, particularly in the presence of environmental or physiological triggers.
To the best of our knowledge, there have been no previous reports of any large deletion mutations detected first by molecular autopsy. Since large gene re-arrangements seem to have a tendency to produce a more severe phenotype, 5 further study of their prevalence among sudden unexplained death victims would seem worthwhile.
Array Comparative Genomic Hybridization and FISH
Our approach to screen multiple genes simultaneously for deletion and duplication mutations has been to use aCGH technology. To our knowledge this has not been applied to any area of inherited heart disease to date. The array we have used targets a select list of genes implicated in heritable cardiac disorders, but also allows for low resolution whole genome screening. The outcome of our analysis has been to identify the heterozygous loss of the KCNJ2 gene, but also the approximate extent of the deletion that encompasses this gene. This approach therefore offers greater resolution and versatility compared to the more conventional MLPA method that targets defined regions in most exons, but sometimes not all, of a small number of genes.
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As a consequence of the aCGH approach, FISH could be used to determine if the deletion event in the decedent were de novo. FISH is a standard cytogenetic tool that allows for targeted dosage analysis to be undertaken, but is limited to regions of the genome for which there are relevant probes. The probes that are used are largely cloned DNAs whose positions in the human genome are known, but must be large enough to provide a detectable signal. The latter, in turn, requires that the dosage event being screened is large enough so as to encompass the probe.
These conditions were satisfied in the case reported here.
Conclusions
The case we describe here is, we believe, the first report of a whole gene heterozygous deletion as a cause of sudden cardiac death or of long QT syndrome. It is also the first to report the use of aCGH to discover mutations in genes linked to sudden cardiac death, indeed for any inherited heart condition. The extent of the deletion event identified in the decedent allowed the use of FISH to determine if the event were de novo, which is a cheaper method compared to aCGH.
Finally, since there were none of the systemic features of ATS despite a whole gene deletion of KCNJ2 in two subjects with long QT syndrome, this report supports recent research suggesting that a dominant negative effect may be essential for this full syndrome to occur.
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